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Intense linear ion accelerators are playing an ever more important role in the program of seeking new energy
sources. The fundamental physical effects that limit the beam current and technical problems associated with
these effects are discussed. The prospects for building intense linear accelerators for energetics and possible

parameters of these machines are discussed.
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1. INTRODUCTION

The first modern linear proton accelerator was built
in 1946.' Since that time, during more than thirty
years, linear ion accelerators have served only as de-
vices for high-energy physics. In the overwhelming
majority of cases, they have been used as injectors for
proton synchrotrons. Currently, the important role of
linear ion accelerators in the program of seeking new
energy sources is becoming ever more obvious." ™

The extensive program of development of thermonu-
clear energetics includes studies on radiation materi-
als science associated with the development of con-
struction materials for the primary wall of thermo-
nuclear reactors. An apparatus designed for testing
various samples of construction materials must
achieve a high flux density of neutrons of energy in
the 14-MeV region. A neutron generator is needed
with a flux up to 10*® neutrons/cm’ in a volume of the
order of 10 cm®.2*®* The need for such a neutron gen-
erator will continue to grow, since the successful
starting of a demonstration reactor will give a strong
boost to the development of the entire field of thermo-
nuclear energetics. Yet the thermonuclear reactors
themselves cannot ensure a reasonable tempo of the
materials-science studies. A high-flux neutron gen-
erator will also make possible the study processes of
accumulation of fission products in absorbers made of
uranium or thorium, which have been proposed as
shielding for thermonuclear reactors. The only possi-
bility currently known for building high-flux neutron
generators of 14-MeV energy is a combination of a 35-
MeV deuteron accelerator having a continuous beam
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The prospects of employing intense accelerators for
solving problems of energetics, as well as for a num-
ber of other fields of technology, have heightened the
interest in these machines. A considerably better
understanding of the physical problems involved in
building intense accelerators has been gained in recent
years. Both cyclic and linear accelerators have been
examined. However, experience in design has made it
every more convincing that linear accelerators (linacs)
are preferable to cyclic accelerators for obtaining ion
beams with a mean current larger than 1-10 mA. The
pertinent arguments will be discussed below.

In line with the expansion of the fields of application
of linear ion accelerators (ion linacs), the meaning of
the term “intense linac” has changed in time. Table
I gives the data on linacs that are characteristic of
intense machines in different periods. The injectors
of proton synchrotrons (PSs) operate in a pulsed re-
gime with a large off-time; these accelerators were
termed intense if they yielded beams with a large
pulse current, independently of the value of the mean
beam current. However, now the term “intense linac”
refers only to a linac having a large beam current. In-
tense linacs of the next generation (meson factories)
yield proton beams with a mean current up to 1 mA.*"?
The projected intense Linacs of the third generation
are designed for producing continuous beams with a
current of several hundred milliamperes.*®:8:1-13

We should also include in the third-generation acce-
lerators the pulsed Linacs for heavy ions of small
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TABLE L
Year of beam Mean ben:
i hin, Pulse
Name Scientific center ::Lmng :::cxunfm current, mA | current, mA
current -
Injector for pro- | CERN 1959 1071 140 0.028
ton synchrotron
®8)
PS injector ITEF (USSR) 1066 19072 200 0.002
PS injector Batavia (USA) 1971 1977 0.04
Meson factory Los Alamos (USA) 1972 1877 16 &5
MRTI, IYalAN In con- 50 (oro-
Meson factory ] (USSR)|  struction _(pcr::d ) jected)
Neutron generatos | ITEF (USSR) Projected ez 100—200
f.os Alamos (USA) )
Installation for | Brookh (USA)] Projected - 300
g]r:lducing nuclear River
(Canada)

charge (up to U*), which in the future may find an
important application in thermonuclear energy instal-
lations employing inertial fusion reaction.!®® These
accelerators are designed for producing ion beams
having a large pulse current with a relatively low off-
time. The mean beam current can reach 10 mA or
more. A number of problems involved in the construc-
tion of intense heavy-ion Linacs pertain also to proton
machines, but the heavy-ion Linacs also have their own
specific difficulties. We shall be dealing below only
with intense linear accelerators for protons or deuter-
ons.

The next section will briefly treat the fundamental
physical effects that limit the beam current in a Linac.
We present some results of the theory that determine
the limiting values of the pulse current and the mean
current. Ultimately, the technical difficulties of
building third-generator intense Linacs stem from
these physical effects, and are very serious. In the
subsequent sections we analyze the technical problems
and substantiate the choice according to current views
of rational ways of building intense Linacs. For the
entrance section of intense Linacs, the most advan-
tageous accelerating structure proves to be one with
spatially uniform quadrupole focusing. A separate
section is devoted to this structure. Due to the limited
scope of this review, we shall not present information
on the theory and technology of Linacs, which have
been discussed extensively in various monographs.
However, we cite the necessary literature references
that can be utilized by interested readers who are not
specialists in accelerator technology.

2. EFFECTS THAT LIMIT THE BEAM CURRENT

The limiting ion-beam current of a Linac is restrict-
ed by a number of factors. The major ones are: the
finite size of the phase volume of the beam at the en-
trance of the accelerator; the repulsive forces of the
self-field of the beam; and the effect of expansion of
the phase volume during acceleration. There are also
a number of other limiting effects, e.g., scattering of
the particles by the residual gas, binary collisions in
the beam, and external and parametric resonances.
However, the latter effects play no substantial role in
the process of accelerating beams in a Linac. Asa
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rule, we can neglect them.

Various focusing systems are employed for confining
the particles in the region of interaction of the beam
with the accelerating field. Usually alternating-gra-
dient focusing is applied. Confinement of particles by
a longitudinal magnetic field has not been widely ap-
plied, owing to the requirement of very high power
in the focusing field, and also because inadmissibly
large ponderomotive forces arise between the coils of
the solenoids. Compensation of the space charge of
the ion beam in a Linac with an electron beam cannot
be employed, since the electrons are defocused in the
alternating-gradient field that focuses the ions. All the
ion Linacs of energies up to 100-200 MeV that have
been put into operation up to now have been based on
an Alvarez accelerating structure with alternating-
gradient quadrupole focusing, as proposed for the Linac
by Blewett.'® The Alvarez-Blewett structure has been
described in detail in the literature.?*?! This struc-
ture amounts to a cylindrical resonator loaded with
drift tubes. An Ey,-type standing wave is excited in
the resonator. Quasistatic quadrupole focusing is ap-
plied in the accelerating systems employing drift tubes.
To do this, electromagnetic quadrupoles are installed
in the tubes. Currently a number of scientific centers
are studying the highly promising possibility of operat-
ing with magnetically hard quadrupoles.’? %

In recent years accelerating and focusing systems
differing from the Alvarez-Blewett structure have been
studied intensively. In these, the alternating-gradient
focusing is achieved using a high-frequency accelerat-
ing field (“horned” electrodes,?®'*" spatially uniform
quadrupole focusing,?® alternating-phase focusing®®"*’).

Let us examine the effects that limit the ion current
in a Linac.

a) The finite phase volume of the beam at injection

A beam is said to be matched if the initial conditions
of the beam at the entrance of the Linac are such that
the envelope of the beam is constant or is a periodic
function over the course of the focusing channel.
Matched beams correspond to optimal focusing. If the
space-charge density is negligibly small, then the
maximal dimensions of a matched beam in a given .
focusing channel are determined only by its phase
volume. One usually takes the measure of the phase
volume of a beam to be a quantity proportional to the
area of the projection of the gix-dimensional volume
on each of the transverse phase planes, e.g., x,p./
meycC:

1

amye

Vp = 5 dz dp,. (1)
This quantity is called the normalized emittance of the
beam, and it does not depend on the energy of the parti-
cles. In the simplest case in which the focusing forces
are linear, the emittance of a beam matched with its
focusing channel is enclosed in an ellipse. Here the
normalized emittance equals the product of the semi-
axes of the ellipse in the displacement vs reduced mo-
mentum plane:
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Vv -—Z— w.R2. (2)

Here R is the present radius of the envelope, and w, is
the present frequency of the transverse oscillations.
In the general case, the emittance of the beam is en-
closed by a boundary curve differing from an ellipse.
Then the normalized emittance is defined as the area
occupied by the representative points of the beam in
the displacement vs reduced momentum plane divided
by 7. Henceforth we shall omit the coefficient 7 in the
value of the normalized emittance.

In a channel with alternating-gradient focusing, the
frequency of the transverse oscillations is a periodic
function having the period of the focusing structure.
The maximum possible value of the normalized emit-
tance of a beam passing without losses through a given
channel is called the admittance of the channel or its
normalized acceptance:

Ve = —I—- @ 22 (3)

Here a is the radius of the aperture, and w,,, is the
minimum instantaneous frequency of the transverse
oscillations, as determined by the alternating-gradient
focusing forces. A beam will pass through a Linac
channel without losses if the condition V, < V_ is satis-
fied. Since the admittance of a Linac channel has an
upper bound determined by technical possibilities,
while the phase volume of the beam at a given current
has a lower bound, the latter condition proves to be
the most important factor limiting the intensity of the
beam.

b) The effect of the seif-field of the beam

Due to the effect of autophasing, a beam in a high-
frequency accelerating field breaks down into bunches.
The maximal instantaneous current in a bunch is called
the peak current J,,,, of the bunch. The mean beam
current J is related to the peak current of a bunch by
the relationship

J=BJ,, .

Here B is by definition the bunching coefficient, which
mainly depends on the equilibrium phase and the tempo
of acceleration. If the accelerator operates in a pulsed
regime, then J is the current averaged over a pulse.
The total charge of a bunch can be expressed in terms
of the peak current of the bunch for a given charge dis-
tribution. Thus the peak current governs the effects
associated with the self-field of the beam. In the gen-
eral case, the bunching coefficient depends on the peak
current of a bunch. However, this dependence is rela-
tively weak.*

The ratio of the peak current of a bunch to the nor-
malized emittance of the beam is called the phase cur-
rent density of the beam®':

J =Jpeak/ V.

In the general case in which the phase density is not
constant, we have the local values of the density j
=djyea/dVy. If j is not very large, then the maximum
mean beam current is
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rax=jV.B. (4

For a given frequency of the accelerating field, the ad-
mittance of a channel cannot vary over a wide range.
Therefore, in designing injectors, the main effort in
increasing the beam current has been concentrated on
increasing the phase density of the beam at the input of
the Linac. The simplest of the ways that have been
employed has been the method of preliminary bunching
of the beam. However, the main problem has involved
studying the nonstationary phase distributions between
the ion source and the Linac. The experimental work
on improving the ion optics of the preinjectors and
modernizing the channels between the preinjector and
the Linac have made it possible to increase substantial-
ly the phase density of the beam at the Linac input.
The phase density of unbunched proton beams has been
raised from 250-300 mA/cm * mradian in 1966 to 600-
700 mA/cm * mradian in 1971-1972. This has made it
possible to increase the pulsed current of the beam at
the output of the Linac to values of the order of 200 mA.
Currently the phase density of unbunched proton beams
has reached values of 1-2 A/cm * mradian.

If transverse Coulomb repulsion substantially affects
the motion of the particles, then the maximum dimen-
sion of a beam in a focusing channel is larger than the
quantity

m=V - (5)
as defined by its phase volume. In order to estimate
the effect of transverse Coulomb repulsion on the dy-
namics of particles, the self-consistent (in the sense
of Vlasov) self-field of the beam has been examined.
One can show that the dimensions of the beam in a given
focusing channel depend weakly on the form of the dis-
tribution function of the phase density. The most con-
venient distribution has proved to be one analogous to
a microcanonical distribution.” This phase distribution
corresponds to beams with a uniform distribution of
space-charge density over any transverse cross-sec-
tion, and it yields the simplest analytic relationships
between the fundamental parameters of the beam and of
the channel.*' Let us introduce the parameter

fo= 2 iy, (6)

It has the dimensionality of the phase density of the
beam current. Here 9! is the mean frequency of the
transverse oscillations of the particles in a beam of
negligibly small intensity. J, is the characteristic
ion-beam current: '

Jo=4ne, -TGLCJ— (7)
The maximum dimension of a matched beam is related
as follows to the phase density of the current:

Re=R}V htVREFAL. (8)

Here we have 1 =j/j,. The parameter j, is the criterion
that characterizes the effect of the self-field of the
beam on the dynamics of the particles. When j <j,,

we can neglect the self-field of the beam. When j >3,
the dimensions of the beam are mainly determined by
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the beam current and are practically independent of
the phase volume of the beam. The space charge of
the beam for given values of the acceptance and of the
frequency of the transverse oscillations primarily af-
fects the focusing of particles at low energies, as long
as the parameter j, is small,

The maximal dimension of the beam in (8) must not
exceed the radius of the aperture. Hence we obtain
an expression for the limiting admissible mean beam
current. For a given emittance of the beam at the in-
put of the Linac, we have

Jm,,=—f,:jchB[1._(%)2]_ (92)

If the phase density of the current is given, then the
limiting admissible mean beam current is

h

Jmlx=j0VcB_“/‘r—_*T;ﬂ'-

(9p)
The limiting beam current increases monotonically with
increasing admittance of the channel and with increas-
ing phase density of the injection current. If the phase
density is small (j<<jy), then the limitation of the beam
intensity is determined for a given phase density by the
value of the maximum admissible emittance of the
beam transmitted by the channel. When j<<j,, Eq. (9b)
gives rise to Eq. (4). The limiting current reaches its
maximum when j > j, and asymptotically approaches the
following value as j—>:

J:ax=%jovc3- (10)

The phase density of the current is the most impor-
tant parameter of the ion sources and of the optics be-
tween the source and the Linac. At a proton energy of
700 keV, a linear accelerator at the wavelength A=2 m
corresponds approximately to j,=3 A/cm - mradian.
Since the phase density of the current in proton sources
during the initial stage of development of Linacs did not
exceed 6-10 mA/cm - mradian, the enhancement of the
intensity of the accelerated beam mainly arose from
work on perfecting the ion sources. The most promis-
ing type of ion source for proton Linacs has proved to
be the duoplasmatron, to whose development much
attention has been paid. As we have noted above, cur-
rently the phase density of the injection current has
been raised by two orders of magnitude.

The main way to increase substantially the admit-
tance of a Linac is to increase the wavelength of the
accelerating field, which allows one to increase the
aperture of the channel. This method is effective if
the gradient of the focusing field is limited by the max-~
imum induction of the poles of the magnetic quadru-
poles or the dielectric strength of the radiofrequency
quadrupoles. In this case one can increase the admit-
tance in proportion to the square of the wavelength of
the accelerating field. However, in a continous-action
Linac having electromagnetic quadrupoles, the admit-
tance is usually limited by the power dissipation in the
lenses, since the latter is proportional to the 4th power
of the aperture. Increase in the wavelength proves
considerably less effective, although it remains the
main way to increase the acceptance.
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As the injection energy increases, the maximum pos-
sible admittance of magnetic quadrupole channels in-
creases in proportion to the square root of the injection
energy. In electric quadrupole channels, the admit-
tance is practically independent of the injection energy.
As we can easily see, this feature of the different
channels involves the fact that the stiffness of a mag-
netic channel is determined by the Lorentz force,
while the stiffnessof an electric channel does not de-
pend on the velocity of the particles. The dependence
of the limiting current on the injection energy when
j<<jo (4) has the same form as the dependence of the
admittance. Hence we see that magnetic quadrupole
focusing proves unsuitable at low particle velocities.
This, in particular, has determined the interest in
focusing beams in Linacs with electric forces. One
can use as the electric focusing forces the transverse
components of the radiofrequency accelerating field if
one rules out axial symmetry of the field. Vladimir-
skif® first proposed such an idea. The gradient of the
focusing electric field can periodically change sign in
space (along the axis of the accelerator) or in time.

As the phase density increases, the dependence of the
limiting current on the injection energy is strengthened.
Since, according to (6), we have j,~VW,,,, then in
magnetic quadrupole channels we find J~ ~W,,;, while
in a system of electric quadrupoles we have J*~VW,,.
Thus, the injection energy in intense Linacs employing
magnetic quadrupoles must be sufficiently high. This
defines the difficulty in designing and employing Linacs.
The energy of the particles at the input of intense Lin~
ac injectors for A=1.5-2 m is usually taken to be 700~
750 keV.

As one can show, the current limit arising from lon-
gitudinal Coulomb repulsion is approximately propor-
tional to the cube of the equilibrium phase. Inan ac-
celerator with quadrupole focusing, the absolute value
of the equilibrium phase can be made so large that
the effect of longitudinal repulsion does not restrict
the beam current. Longitudinal repulsion can play an
appreciable role in certain radiofrequency focusing
systems in which it is difficult to obtain bunches of suf-
ficient duration, e.g., in a system having alternating-
phase focusing.

c) The effect of expansion of the phase volume of the
beam during acceleration

Thus far we have assumed that the phase volume of
the beam in the four-dimensional phase space of the
transverse oscillations is bounded. If the conditions
of the Liouville theorem are fulfilled, i.e., dissipa-
tive forces are absent and the continuity equation holds
in phase space, then the four-dimensional phase volume
must remain invariant during acceleration. In the ab-
sence of coupling between the transverse degrees of
freedom, the emittance of the beam in the phase plane
must be conserved. However, actually an irreversible
increase in the normalized emittance of the beam oc-
curs during the acceleration process. The increase
in the emittance leads to losses of particles to the walls
of the accelerating system. These losses are hard to
avoid, even when a certain safety factor has been pro-

1. M. Kapchinskii 838



vided in the accelerator in the value of the acceptance.

The increase in the normalized emittance in a linac
does not contradict the Liouville theorem, since it in-
volves either a breakdown of the condition of continuity
of the flux, or irreversible changes in the form of the
emittance, which are manifested in practice as an in-
crease in its dimensions. An exaggerated analogy of
the latter effect is the winding of a straight-line seg-
ment into a helix.

The most substantial increase in the normalized
emittance occurs in the low-energy region, and is
governed mainly by the coupling between the trans-
verse and longitudinal oscillations of the particles.
During the subsequent acceleration process, the in-
crease in the normalized emittance arises mainly from
random perturbations of the beam in the focusing chan-
nel when the transverse forces are nonlinear. This in-
crease occurs relatively slowly but without limit, so
that the beam tends to occupy all the acceptance of the
accelerator available to it. In the general case, the
tempa of the expansion of the transverse phase volume
depends on the design and parameters of the focusing
and accelerating systems. Measurements of the Linac
beam in various scientific centers show that the in-
crease in the normalized emittance mainly arises from
the “halo” of the phase volume; the phase density of
the current in the core of the emittance decreases but
little. The intensity of the beam has little influence
on the effect of expansion of the phase volume. Ac-
cording to the data from CERN, the minimum attain-
able emittance at the output of the Linac is proportional
to the 1/3 or 1/2 power of the beam current.®® In the
experiments of the Institute of Theoretical and Experi-
mental Physics with a pulsed current at the Linac out-
put greater than 100 mA, no dependence of the output
emittance on the intensity could be detected.* How-
ever, in the acceleration of an intense continuous beam,
the expansion of the “halo,” even when the latter has a
a relatively low density, constitutes a great hazard in-
volving the considerable irradiation of the construction
materials of the Linac.

No unified theory of the expansion of the phase volume
of the beam in a Linac exists as yet. An extensive lit-
erature has been devoted to various aspects of the prob-
lem.®*° A large number of factors exists that influ-
ence the effect of expansion of the phase volume of a
beam during acceleration. The role of these factors
is not the same in individual accelerators. We discuss
below some general regularities.

Exact matching of the beam to the focusing channel
is possible in principle only in the absence of accelera-
ting fields. In a linac, only the set of equilibrium par-
ticles can be matched. For simplicity, let us choose
the coordinates of the phase plane in such a way that
the trajectories of equilibrium particles in the har-
monic approximation are circles. The emittance oc-
cupied by the equilibrium particles is a circle in this
plane. If the phase trajectories are not distorted in
shape, then the circular emittance rotates unchanged.
Let us assume that the circular emittance at the input
of the Linac includes the representative points of all
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the nonequilibrium particles of the beam at the input.
The nonequilibrium particles move along open phase
trajectories with a phase velocity that differs from the
phase velocity of rotation of the equilibrium particles.
The trajectory of a nonequilibrium particle depends
both on the initial values of the transverse variables
and on the initial phase of the particle with respect to
the radiofrequency field. The phase trajectories of the
nonequilibrium particles begin in the common circular
area occupied by all the representative points of the
beam at the input of the accelerator. However, the
maximal distance of many particles from the origin of
coordinates exceeds the radius of the original circle,
and this considerably increases the phase volume.
Figure 1 shows schematically the effect of “smearing”
of the emittance of the beam caused by the coupling of
the transverse and longitudinal oscillations. The solid
circle encloses the phase trajectories of the particles
having equilibrium phases. Hence it is the boundary of
the emittance of a matched beam at the input of the
linac. The representative points of all the nonequili-
brium particles subsequently move in various elliptical
trajectories that are deformed relatively slowly. The
dotted circle encloses all the trajectories of the non-
equilibrium particles and is the boundary of the in-
creased emittance of the beam. An increase in emit-
tance of the same type also arises from the coupling
between the transverse degrees of freedom caused by
nonlinearity of the external fields or nonlinearity of the
Coulomb forces. However, the latter effects are sub-
stantially weaker. An analytical estimate gives as the
first approximation the following expression for the
radius of the circle covered by the trajectories of all
the nonequilibrium particles*!:

1) Qs
Ry Ry (1 + Jrmor 0, =00 )- (11)

Here R, is the radius of the circle corresponding to the
emittance of the beam at the input of the Linac, & is
the maximal amplitude of the phase oscillations, Q is
the frequency of the phase oscillations, and 2, is the
mean frequency of the transverse oscillations of an
equilibrium particle. As we see from Eq. (11), the
increase of the phase volume caused by the coupling
between the degrees of freedom is bounded. The major
“smearing” of the emittance occurs in the entrance
section of the Linac, since the amplitude and the fre-
quency of the phase oscillations are damped. The ex-
pansion of the normalized emittance becomes more

FIG. 1. Phase plane of the transverse oscillations of the non-
equilibrium particles.
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significant when the particles remain for a longer
time near the main parametric resonance band.
However, even in cases in which ,,> @ at the input of
the accelerator, the increase in the emittance is very
large. We note the estimate by Eq. (11) agrees satis-
factorily with the results of machine calculation.’®*?
In the process of further acceleration, the beam re-
mains matched to the channel in the first approxima-
tion, but with a correspondingly higher value of the
normalized emittance. After this, dematching of the
beam by random defects of the channel now plays the
major role.

The random defects of the focusing channel lead to
stochastic shifts of the emittance from the origin of
coordinates and to deviation of its shape from circular.
The effective emittance of the beam, i.e., its area in
the phase plane within which the representative points
of the particles can lie at different instants of time, in-
creases. Correspondingly the amplitudes of the trans-
verse oscillations of the particles increase. However,
if the frequencies of the oscillations of all the particles
are the same, then the increase in the effective emit-
tance is not accompanied by an increase in the actual
phase volume of the beam. Hence it is possible in
principle to suppress the increase in the amplitudes of
the transverse oscillations by automatic feedback con-
trol. However, if frequency dispersion exists, so that
Adu/dA +0 (where p is the phase advance of the trans-
verse oscillations per focusing period, and A is the
mean amplitude of the transverse oscillations over the
period), then the effective emittance will be smeared
out and the actual normalized emittance will correspon-
dingly increase (Fig. 2). The hatched region in Fig. 2
schematically corresponds to the increment in the
emittance caused by the frequency dispersion. In the
first approximation, coherent perturbations of the beam
give rise to an increase in the normalized emittance at
the rate

e By ROV (g0 (12)
Here {bA4) is the rms value of the perturbation of the
amplitude per period of the focusing structure; 7 is
the number of periods of the structure. The mean
phase density at the periphery of the increasing emit-
tance that is caused by the nonlinear smearing of the
area is substantially smaller than in the central region
of the emittance. The peripheral density declines with
increasing radius. Therefore, just as in the case of

FIG. 2. Diagram of the “smearing.” of the effective emittance
in the presence of frequency dispersion.
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coupling among the degrees of freedom, mainly the
halo of the beam grows., However, in this case the
growth of the halo of the beam is unbounded.

The frequency dispersion involving the nonuniform
distribution of space-charge density over the cross-
section of the beam leads to filling of the effective
phase volume of the beam with particles in the presence
of parametric perturbation. The contribution of this
effect is relatively small.

In the Alvarez-Blewett accelerator with A=1,5-2 m,
numerical estimates by Eqs. (11) and (12) show that
the normalized emittance of a beam matched with re-
spect to the equilibrium particles increases in the first
sections of the Linac (0.7-10 MeV) by a factor of about
1.5~-2, With the usual assumptions, it subsequently
expands at about the rate of 0.01-0.02 cm* mradian/
period. The effect of expansion of the phase volume
has the result that the actual acceptance of the Linac
proves to be substantially smaller than its calculated
acceptance. One can diminish the losses by a corre-
sponding decrease in the emittance of the beam. In
particular, emittance filters'® have been proposed for
this purpose. In essence they amount to collimators
that limit the phase volume. Electronic cooling of the
fon beam at the input of the Linac may prove effective.*
In practice, one can attain a considerable increase in
the mean intensity of a Linac beam only when the effect
of expansion of the phase volume is suppressed. One
can diminish the effect by: decreasing the effect of the
phase scatter of the particles on the defocusing of the
beam in the accelerating wave; suppressing other pos-
sible couplings between the degrees of freedom; en-
suring that acceleration starts at high orders of the
parametric-resonance bands; further restricting the
allowances for random defects and diminishing the
coarse local perturbations as much as possible; and
improving the linearity of the focusing and accelerating
flelds.

d) Expenditure of radiofrequency energy in
accelerating the beam

The acceleration of the beam requires input of radio-
frequency energy, both into the accelerating field and
into the beam. In pulsed Linacs, the particles are
usually accelerated utilizing the rf energy stored in the
field. In order for such a regime to exist the resona-
tors of pulsed Linacs must possess a high quality factor.
Thus, the cylindrical resonators with drift tubes exci-
ted by an Egg-type wave (Alvarez accelerator) have a
quality factor of the order of 10°. During the time of a
pulse of the ion current, the field level in the acceler-
ating resonators declines, but its value remains above
the threshold level that ensures resonance accelera-
tion. In a number of pulsed Linacs, partial compensa-
tion of the expenditures of energy on acceleration has
been introduced in order to improve the energy spec-
trum of the beam or when it is impossible to ensure a
high enough quality factor. In accelerators having a
constant beam current, a regime of acceleration utili-
zing the energy stored in the field is impossible in
principle; the rf energy spent in accelerating the beam
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and in compensating the active losses must be supplied
to the resonators continuously. The quality factor of
the resonators in a continuous-action machine plays no
substantial role. The fundamental energy character-
istic of the dccelerating system of a continuous-action
Linac is solely the shunt impedance, which determines
the dependence of the active losses of rf power per
unit length on the mean field in the resonator. The
continuous consumption of energy in intense Linacs
requires the construction of an rf supply system with a
high mean power. Thus, a linac with a beam energy of
1 GeV and a current of 300 mA will consume about

500 MW of continuous power. This poses very sharply
the problems of utilizing high powers in a Linac.

3. TECHNICAL PROBLEMS OF BUILDING
INTENSE LINEAR ACCELERATORS

In the plans of most of the installations that require
intense ion beams with a mean current of 100-300 mA,
building of linear accelerators has been pro-
posed t®:89'154547 The physical effects discussed
above lead to a number of very difficult technical prob-
lems. We can classify these problems into three
groups.

The first group of problems includes the building of
electrostatic injectors that can produce in the linac a
beam of the required intensity.

The second group of problems involves the radiators
stability of the materials of the accelerator, the life-
time of the accelerator, and problems of its mainten-
ance.

The third group includes the input into the accelerat-
ing system of a large mean rf power and the organiza-
tion of the cooling.

Similar problems also arise in intense cyclic acce-
lerators. In linear accelerators the latter two groups
of problems are solved relatively more simply, since
in a Linac one can create a distributed input of the rf
power spent in accelerating the beam. The active
losses of rf power in the copper can be distributed
over a large area, which permits one to lower the spe-
cific heat dissipation. The density of the radiation as-
sociated with the induced radioactivity is substantially
diminished. The usual defect of a linac, which is the
considerable cost of the construction and operation of
the system of rf supply, is felt less for continuous in-
tense beams, since the power of the rf system of a
continuous accelerator is mainly determined by the ex-
penditures in accelerating the beam, rather than by
the losses in the copper.

Currently much attention is being paid to the develop-
ment of continuous-action ion sources. Experience has
already been amassed on the design of sources of pro-
tons and deuterons with currents of 150-200 mA *8%0
Although measurements of the emittance of a continu-
ous intense beam present great difficulties, the lit-
erature data allow us to draw the preliminary conclu-
sion that one can generate at the input of a linac a
beam with a normalized emittance of about 0.2 cm - ra-
dian with a phase density of the current of the order of

841 Sov. Phys. Usp. 23(12), Dec. 1980

1 A/cm- mradian. However, in connection with the
high injection energies (up to 750 keV) and large cur-
rents, complex problems, as yet unsolved, arise of
achieving a sufficient dielectric strength of the elec-
trostatic tubes that accelerate the continuous beam.’*
Apparently the cause of the loss of dielectric strength
is as follows®?: the particle beam ionizes the atoms of
the residual gas in the electrostatic tube; the free
electrons are accelerated in the direction opposite to
the motion of the ions, and they generate intense x-
rays. Owing to the external photoeffect, the latter give
rise to charging and to very large potential drops
across the ceramic surface of the tube. In an electro-
static injector, a difficulty also arises that involves the
need to supply a considerable constant power to the
devices that are kept at high potential. A promising
way to overcome these difficulties is the development
of radiofrequency accelerating systems, which would
enable one substantially to lower the injection energy
and current while maintaining the high limiting value
of the beam current in the Linac.

The accumulation of scattered particles in the halo
of the beam induces radioactivity in the accelerator.
Measurements of the induced gamma activity in the
vicinity of a number of proton Linacs have allowed an
estimate of the index characterizing the losses of par-

ticles per unit path®**:
n=}‘;—'{ 1074 1075 w1,

For a continuous beam current of 100 mA and an index
n=10%, the losses per unit path length attain the val-
ues dJ/dl#1 pA/m. Problems of the radiation purity
of intense linacs have been studied in comnection with
the design of an accelerator for a meson factory.* As
is proposed, periodic short-time maintenance of the
accelerator by personnel is permissible when the level
of induced radioactivity near the accelerator is no more
than 50 mr/hr. For a proton accelerator having a
particle energy of 30 MeV, this corresponds approxi-
mately to losses per unit path of 50 nA/m. For an
accelerator with a particle energy of 1 GeV, the losses
per unit path should not exceed 0.5 nA/m. Ata mean
beam current of 100 mA, these values correspondto a
loss index #=5X%107-5%10® m™. Apparently such
values of the loss index are currently unattainable for
actual values of the acceptance of the linac. Therefore
linear accelerators with a continuous beam current of
100 mA or higher require construction of a remote-
manipulation system.

In order to estimate the lifetime of the accelerator,
let us examine a deuteron linac of energy 30 MeV and
current 100 mA. The density of the equivalent neutron
flux in the inner walls of the accelerator with the stipu-
lated beam parameters amounts approximately to v
=10 neutrons/(cm’ " yr- #A/m).5* We can take the
limiting admissible integral flux for copper fixtures to
be Ny, =10%" neutrons/cm?.® Hence we get the follow-
ing estimate of the lifetime of the drift tubes:

" At= %‘.’O/td_l) ~ 100 years.
Since the values of Ny, and v are crude, it is desirable
to anticipate in the design the possible remote replace-

I. M. Kapchinskii 841



ment of the drift tubes or replacement of the succes-
sive collimators that limit the halo of the emittance.
A modular design of the accelerating structure is pro-
posed that facilitates replacement of groups of drift
tubes.”’

What are the ways to simplify the problems involved
in the realization of intense Linacs? Let us examine
some possible schemes of Linacs up to an energy of
30 MeV. The fundamental difficulties lie in this range,
even for higher-energy accelerators, since the focus-
ing becomes simpler with increasing energy of the
particles, the effect of the self-field of the beam di-
minishes, and the rate of expansion of the normalized
emittance declines,

Currently a number of accelerating and focusing sys-
tems exists for the sections at energles below 100-150
MeV. Each of these has its own most suitable region
of application. The employment in the main part of the
Linac of any particular type of radiofrequency focusing
would offer great advantages involving the absence in
the drift tubes of electromagnetic quadrupole lenses.
In a linac with radiofrequency focusing, it is conven-
ient to employ resonators of small dimensions that can
be excited by a longitudinal magnetic wave. However,
accelerating structures with rf focusing require a rela-
tively fast tempo of acceleration. Estimates show that
currently the best type of intense linear accelerator
continues to be the Alvarez accelerator, in which the
sources of the accelerating and focusing forces are
separate. In such an accelerator one can separately
optimize the acceleration and focusing regimes. This
is especially valuable for accelerators with a continu-
ous, intense beam. In particular, the possibility of
decreasing the tempo of acceleration without impairing
the focusing enables one to decrease the total active
losses of rf power and to simplify the cooling substan-
tially. This is because, if other conditions remain the
same, the total losses are proportional to the tempo of
acceleration, while the losses of rf power per unit
length are proportional to the square of the tempo of
acceleration. '

We note that the cost of the accelerating system of a
Linac amounts to about 25% of the total cost of the ac-
celerator, including (besides the accelerating system
itself) the building and the technical service equipment
(rf supply, electrical supply, electronics systems,
vacuum units, etc.). Since the cost of an intense ac-
celerator and the cost of the target that interacts with
the accelerated beam are about the same, the fractional
cost of the accelerating system turns out to be 10-12%,
of the cost of the entire installation. Thus, the cost of
the accelerating system is not the decisive factor in
the choice of the structural scheme of the accelerator.
The operating reliability of the installation is consid-
erably more important. At present, it 1s precisely the
Alvarez system that is better in this regard, since it
has been repeatedly studied and refined in a large num-
ber of working pulsed Linacs.

However, the Alvarez accelerator in its clagsical
form possesses substantial defects. The problem of
increasing the cooling area and attaining high enough
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acceptance values have led in the designs completely
based on the Alvarez structure®”® to choosing a wave-
length of the accelerating field of 5~6 m instead of the
wavelengths 1,5-2 m commonly employed in pulsed
Linacs. ' This requires the bullding of unwieldy reso-
nators 3.5~4 m in diameter and drift tubes of diame-
ters up to 70 cm, In order to allow the necessary
charged-particle currents, most of the designs have
adopted an injection energy of about 700 keV, In pro-
ducing intense continuous beams, the stated injection
energy causes the great technical difficulties noted
above. The relatively low capture coefficient compli-
cates the system for preliminary bunching of the beam.
A serious problem is the radiation deterioration of the
insulation in the electromagnetic quadrupole lenses,
since the limiting integral neutron flux in the widely
employed insulation materials is four orders of mag-
nitude smaller than in pure metals and alloys. The
accelerator of a meson factory employs mineral insula-
tion instead of epoxy resins and fabrics, in particular
magnestum oxide.”® However, the problem of the pos-
sible employment of mineral insulation in continuous-
beam intense Linacs apparently still remains open.

The problems of building intense Linacs can be sim-
plified to a considerable extent by installing a section
with spatially uniform guadrupole focusing between the
electrostatic injector and the main part of the accele-
rator, which amounts to an Alvarez system. We treat
a scheme below in which the section with spatially uni-
form quadrupole focusing is excited by an accelerating
field at a frequency half that of the subsequent Alvarez
resonators. It is preferable to carry out the quadru-
pole focusing in the main part of the accelerator with
magnetically hard lenses. A variant is possible that
employs electromagnetic lenses, provided that insula-
tion materials are found that have the need radiation
stability.

4. AN ACCELERATING SYSTEM WITH
SPATIALLY UNIFORM QUADRUPOLE FOCUSING

Spatially uniform quadrupole focusing was first de-
scribed in Refs. 28 and 59. Currently accelerators
with spatially uniform focusing are being developed in
a number of scientific centers of the USSR and the
USA 509

The fundamental element of the accelerator is the
four-conductor radiofrequency line, which creates a
quadrupole potential distribution in the region near the
axis (Fig. 3). Since an ac voltage 15 applied to the
electrodes of the line, the particles in their motion
along the axis successlvely experience the action of
transverse fields with gradients of alternating sign.
This gives rise to the effect of quadrupole focusing.

A longitudinal accelerating component of the electric
field arises in a four-conductor line if the distance be-
tween the opposite electrodes of one polarity periodi-
cally varies along the axis. The spatial period of
variation of the distance between the electrodes must
equal the path traveled by an equilibrium particle in a
radiofrequency period, while the phases of the variation
of the distance in the perpendicular planes are shifted
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FIG. 3. Four-conductor line with quadrupole symmetry.

by half a period. Here a resonance accelerating effect
arises.

In the general case the potential distribution in the
paraxial region has the form

U(r, ¥, z, 1) = [Agr® cos 29 + Agf, (kr) sin kz + . . .] cos (ot + ¢).

(13)

Here we have k=271/82, and w is the frequency of the
accelerating field. Only the fundamental terms that
govern the effects of focusing and acceleration have
been given in Eq. (13). The rest of the terms of the
series in (13) involve side effects, in particular, vari-
ous nonlinear effects. The sum of the first two terms
of the series of (13) corresponds to an ideal field,
which can be obtained in principle if the surface of the
electrodes coincides with the corresponding equipoten-
tials of this field.?® In each period L =82/2 of accele-
ration, the particles receive an energy increment

AW = eUT cos @. (14)

Here U, is the amplitude potential difference between
adjacent electrodes; ¢ is the phase of the rf field at
the instant of time when the particle lies in a cross-
section possessing exact quadrupole symmetry; and T
is the time-of-flight coefficient, which determines the
efficiency of acceleration. In an ideal field we have®®
mt—1

T =T 5Ty ey Ty k) (15)
Here m is the ratio of the maximum distance of an
electrode from the axis to the minimum distance; a is
the minimum distance of an electrode from the axis.
The transverse oscillations of the particles in an ideal
field in the case of small partial increments of energy
of (14) are described by an equation with an alternating-
sign periodic coefficient®
%%f——(—:’l—)z([(zcosmt-{—%vo)z:o. (16)
Here 7, is the defocusing factor of the particles in the
accelerating field,3!*®® which is given by

_ nelU,T sin @
Yo= zws )

W, is the present value of the energy of an equilibrium
particle; K is the stiffness of the focusing:

K2=1n egnl‘ (%)2

We define &, as the rest mass of a particle; » is the
efficiency of focusing in the modulated four-conductor
line:
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w=1-2L I, (ka). amn

The potential distribution in an actual four-conductor
line can be determined by numerical methods. Equa-
tions (15) and (17) give a quite satisfactory approxima-
tion to the time-of-flight coefficient and the efficiency
of focusing for electrodes of relatively simple and con-
venient shape. This shape corresponds in each cross-
section to a strip of width 2R, bounded by a semicircle
having the radius R, constant throughout the length
(Fig. 4). The distances of the electrodes from the
axis vary according to the sinusoidal functions

x = H.,(1+ ::_
y R,(l—:;: sin kz), (18)

: sinkz),

Here we have Ry=R,.

In the case of (18), the aperture of the four-conductor
line, which is

R,

2
=TT

limits the admittance of the channel given by (3). The
minimal instantaneous frequency of the transverse
oscillations is determined by Eq. (16). In a “smooth”
approximation,® we have

(1 5) 7V (=) e (19)
In a system with spatially uniform quadrupole focusing,
the spatial modulation of the envelope of the beam
characteristic of a periodic structure involving quad-
rupole lenses is absent. The beam undergoes pulsa-
tions in time that are constant throughout the length

In the general case, the matching of such a beam with
the spatially periodic focusing structure requires
special radiofrequency apparatus. However, the adia-
batic compression of the bunches during accelera-
tion®**® enables one to use the ordinary static match-
ing, since the phase spread of the bunches at the input
of the Alvarez resonator is already small enough.

Orm

Power can be supplied to the four-conductor line in a
resonator with a longitudinal magnetic field. Figure 5
shows various types of resonators with a quadrupole
wave mode: a double H resonator (Fig. 5a) and two
types of four-chamber resonators—a sector resona-
tor’®® (Fig. 5b) and a cloverleaf-type resonator®™
(Fig. 5c¢). Figure 5 shows the direction of the electric
field in the paraxial region and of the magnetic field in
the resonating volumes. Figure 6 shows a photograph

.

E1EH %

I

kz= 7

kz:—-;— kz=0
FIG. 4. Cross-sections of the modulated electrodes in an ac-

celerating structure having spatially uniform quadrupole
focusing.
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¢)

FIG. 5. Cross-sections of volume resonators for accelerating structures with spatially uniform focusing. A longitudinal mag-
netic wave is excited in the resonators. a) Double H-resonator; b), c¢) different types of four-chamber resonators,

of one section of an accelerator with spatially uniform
focusing.

The design of the accelerating system practically
does not limit the possible shortening of the length of
the acceleration period. The acceleration in the rf
field can be started at a very low injection energy. In
spite of the fact that the focusing is performed with a
radiofrequency quadrupole field, the stiffness of the
focusing in a spatially uniform system does not depend
on the phase of the particle with respect to the rf field.
Therefore the system allows one to select the equili-
brium phase within a broad range. At the input of the
accelerator, the equilibrium phase is -90°. The bun-
ches follow closely one after another, and the mean
current of the captured particles is close to the peak
value. In the relatively short initial bunching region,
the equilibrium phase is gradually increased by 5-10
degrees. Here the energy of the particles increases
somewhat, and the length of the bunches shortens.
Now, let us assume that the time-of-flight coefficient
T and the equilibrium phase ¢, vary adiabatically along
the accelerator axis according to the equations®®

s @= 0 V B T-Ton V e (20)

Here the index f pertains to the values of the param-
eters at the end of the initial bunching region, and ¢, is
the phase width of the separatrix,®!'®® which is related
to the equilibrium phase by the relation

@, —sin Oy

tan Qg = — {—cos®y *

Then as the energy W, of an equilibrium particle in-

FIG. 6. Section of an accelerator with spatially uniform quad-
rupole fucusing.
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creases the bunches move apart but maintain invariant
geometric dimensions. Since the focusing is carried
out with an electric field, the stiffness of focusing for
low-energy particles suffices. For a given aperture
of the channel, the limiting peak current is four times
larger than in the Alvarez system, since the focusing
period is twice as short and the admittance is cor-
respondingly higher. The mean beam current along the
axis of the accelerator remains constant, so that the
maximal mean current proves substantially larger
than in the Alvarez system, in spite of the low injec-
tion energy. Above a certain value of W,, the adia-
batic variation of T and ¢, must be stopped in order to
avoid a decrease in the limiting current involving lon-
gitudinal repulsion. The studied bunching process in
the entrance section of the accelerator enables one to
attain a high capture coefficient without increasing the
phase density of the current in the transverse phase
volume.

One can carry out the matching of the beam in the
transverse coordinates in the entrance section by adia-
batic increase in the focusing forces from a low value
at the input to the maximal value at the end of the sec-
tion. The variation in stiffness in the entrance section
is carried out by gradual decrease in the mean dis-
tance from the electrodes to the axis.’®

The low injection energy (70-100 keV) and the high
capture coefficient (up to 99%) simplify the problem of
designing the electrostatic injector. The short acce-
leration path in the injector allows one to preserve the
low value of the emittance of the beam at the Linac in-
put. A largeenough beam current in an accelerator
with spatially uniform focusing can be obtained at A
=4-6 m. In the main section of the Linac, the beam
is introduced at a high energy of the order of 3 MeV.

5. THE STRUCTURE OF THE MAIN SECTION OF AN
INTENSE LINEAR ACCELERATOR

The main section of an intense accelerator for proton
or deuteron energies up to 100-150 MeV is expediently
built in the form of Alvarez resonators. Currently, the
optimal accelerating structure for the sections of pro-
ton and deuteron Linacs at energies above 100~150
MeV is the system with conductin% disks and dia-
phragms proposed by Andreev.”’'™ We note that, in
the range of relative velocities 8 > 0.5-0.6, accelerat-
ing structures in the form of a chain of coupled single-
gap resonators have the highest shunt impedance. In
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the Linac of the Los Alamos meson factory, a struc-
ture has been employed with side-coupling cells.”"™
The chain of Andreev has a broader dispersion charac-
teristic, and correspondingly it allows an increased
stability of the accelerating-field distribution.

At an injection energy of 3 MeV, the admittance of
the Alvarez accelerator makes it possible to maintain
the required limiting value of the beam current, al-
already at a wavelength one-half that of the section with
spatially uniform focusing. The recapture of particles
into the acceleration regime can be carried out without
losses. Since static focusing is carried out in the
main section of the accelerator, the mean accelerating
field can be chosen to be relatively small. The low
tempo of acceleration correspondingly leads to rela-
tively small active losses of rf power. The specific
heat dissipation is considerably diminished, in spite
of the short wavelength of the accelerating field. Actu-
ally, with other conditions remaining the same, the
total active losses of rf power are inversely propor-
tional to the square of the length of the Linac. The
specific losses in the walls of the resonators can be
reduced to 6 kW/m?2. Increase in the length of the rf
structure of the Linac substantially simplifies the solu-
tion of the problem of supplying the rf power spent in
accelerating the beam. The reduced tempo of accelera-
tion and the shortened wavelength of the rf field also
enable one to decrease the coupling between the trans-
verse and longitudinal oscillations, since this coupling
is governed by the energy increment of the particles
per wavelength.

Installation in the drift tubes of magnetically hard
quadrupoles in place of the ordinarily employed elec-
tromagnetic lenses simplifies the focusing system of
the Linac by solving a number of problems that have
initiated the development of rf focusing systems.
These problems include: simplification of the very
complicated design of the drift tubes, elimination of
the stable power supply system, and for intense Linacs,
the provision for a sufficient lifetime of the machine.
Studies of the possibilities of using permanent mag-
nets in focusing systems in linacs were begun in 1975
and are being performed on a broad front.?****7
Modern magnetically hard alloys enable one to build
quadrupole lenses that make possible the needed admit-
tance of the focusing channel. The magnetomotive
force produced by the alloy depends on the value of
the magnetic energy that can be stored per unit volume
of the alloy. The alloy YuNDK-35T5 accumulates a
specific energy (BH),,, 9 MG *Oe. With an outer dia-
meter of the lens of 15 cm and a diameter of the aper-
ture of 2 cm, this makes possible a field with a gradi-
ent of 6 kG/cm. One can obtain even better results
with permanent magnets based on the rare-earth ele-
ments. Magnets made of a samarium-cobalt alloy al-
low one to accumulate a specific energy up to 18 MG
+0e.” Rod lenses with nonlocalized poles made of
samarium-cobalt alloy not only produce high values of
the gradient with small outer dimensions, but also al-
low a smooth regulation of the gradient.” A lens with
a regulable gradient consists of several concentric cir-
cular rows containing rods made of the alloy SmCos
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FIG. 7. Magnetically hard quadrupole lens with nonlocalized
poles. At the side is shown an individual rod made of a sam-
arium-cobalt alloy.

(photograph in Fig. 7). The rods are magnetized per-
pendicular to the longitudinal axis. The orientation of
the magnetization vectors give rise to a quadrupole
field in the aperture. The maximum gradient at the
axis of the lens in a first approximation can be esti-
mated by the formula

Gz & 4n°l (§-— - )

Here d, is the diameter of the magnet aperture, 4, is
the outer diameter of the lens, and I is the magnetiza-
tion of the rods. Starting with the existing experimen-
tal data, we can assume that 47/=4.75 kG. Thus, ina
lens of aperture d,=2 cm and outer diameter d,=9 cm,
one can obtain a magnetic field with a gradient of 5.8
kG/cm. The field gradient in a two-row lens is™

G =V G*4- G+ 2G,G, cos 2g,-

Here G; and G, are respectively the gradients of the
first and second rows, and ¢, is the angle between the
median axes of each row. The stability of lenses con-
taining permanent magnets fulfills the conditions for
focusing in a Linac. As direct experiments have
shown, the limiting admissible integral neutron flux
for maintenance of the magnetic properties of the
YuNDK alloys is roughly no smaller than 10" neutrons/
cm®,”® This makes it possible to use these alloys in
intense linacs. The use in the main section of the
Linac of magnetically hard quadrupoles enables one to
avoid heat dissipation in the volume of the drift tube
and substantially increases the lifetime of the intense
machine, since accidental switching off of the lenses
is prevented.

The employment of sections with spatially uniform
focusing in the entrance section and of magnetically
hard quadrupoles in the main section allows one sub-
stantially to improve the design and electrical param-
eters of an intense Linac.

6. THE EFFICIENCY OF A LINEAR ACCELERATOR

The power consumed by a linear accelerator is main-
ly spent in the rf supply system of the accelerating
resonators. The expenditures of power in the remain-
ing technical systems of a linac are usually negligibly
small in comparison with the power consumed by the rf
system. The efficiency of a linear accelerator operat-
ing in a continuous regime is one of the most important
parameters of the installation, since the rf supply sys-
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tem determines the main cost of construction and op-
eration. The total efficiency of a linear accelerator is
defined as the product of the efficiency of the rf supply
system and that of the accelerating resonators. The
latter quantity is equal to the ratio P,/(P, + Pg,),
where

P, =J,(dW,/dz)

is the power per unit length that is removed by a beam
of current J, at the acceleration rate of dW,/dz; P,
is the power per unit length of the active losses in the
copper:

Pc,=E{/2R,, .

Here E,; is the mean field at the axis of the resonator,
and R, is the shunt impedance per unit length of the
resonator.

Since in pulsed Linacs the beam carries away a rela-
tively small fraction of the total energy W,=(Q/w)Pg,
that is stored in the accelerating field, the efficiency
of pulsed Linacs is very low. Even in the Linacs of
meson factories, the efficiency does not exceed 2-4%,
while in the injectors of proton synchrotrons it does not
exceed fractions of one percent.

As a rule, the rf power carried away by the beam in
continuous-action intense Linacs is considerably great-
er than the active losses in the walls of the resonators.
This requires one to design rf power supply systems
with a very large mean power, but it creates conditions
for a substantial increase in efficiency. The accelerat-
ing resonators of proton Linacs have Ry, ~15-20 Mg/
m.” Since we have

W,

ds
then for a beam current of 300 mA and a rate of ac-
celeration of 1 MeV/m, the efficiency of the accelerat-
ing resonators amounts to a value of the order of 85%."3

= E,T cos ¢,

We can expect that the efficiency of rf generators will
reach 70-80% in the very near future.’ In this case the
overall efficiency of a shortwave Linac with a continu-
ous beam current of 100~300 mA will amount to
50-60%.

7. CONCLUSION

The past decade has been marked by substantial pro-
gress, both in the field of developing new accelerating
and focusing systems for linear ion accelerators, and
in understanding the theoretical problems associated
with the acceleration of intense beams in these acce-
lerators. A number of designs have been proposed for
intense linear accelerators intended for solving im-
portant problems of energetics. The technical diffi-
culties that must still be overcome in the process of
further technological development are large. Yet we
can already state that the building of large installa~
tions of power up to 300-500 MW with intense linear
ion accelerators possessing the required parameters
of energy, beam current, and efficiency is feasible.
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